SUMMARY
The molecularly cloned gene encoding the vesicular stomatitis virus (VSV) membrane glycoprorein G was modified and joined to a Bacillus subtilis secretion vector constructed from the plasmid pUB110 and containing the promoter and signal sequence regions of the a-amylase (a secretory protein) gene from Bacillus amyloliquefaciens. The regions encoding the NH2-terminal signal peptide and the COOH-terminal hydrophobic transmembrane domains of the VSV gene were deleted to facilitate the secretion of the G protein in soluble form. The truncated G protein was found to be expressed in B. subtilis. The expression level was low, probably due to rapid proteolytic degradation of the protein and, contrary to what was expected, almost all of the protein remained cell-associated.
INTRODUCTION
Recombinant DNA techniques offer new possibilities for producing large amounts of foreign gene products in prokaryotes. It has been suggested that bacteria could be programmed with genes encoding e.g. viral membrane proteins that are essential for eliciting neutralizing antibodies. Such purified membrane proteins could perhaps be used as efficient subunit vaccines. To facilitate large-scale production and easy purification of proteins, and to avoid lethal effects on the host cell, a set of "secretion vectors" for the production and secretion of foreign gene products in B. subtilis have recently been developed in our laboratory [1, 2] . These plasmids (pKTH50-58) contain the promoter and signal sequences of the gene for the secretory protein a-amylase of B. amyloliquefaciens cloned in the plasmid pUBll0 [3] [4] [5] . HindIII linkers were ligated at different positions relative to the cleavage site between the sequences coding for the signal peptide and the exoamylase. Foreign genes can be inserted in the desired reading frame into the HindIII site. Using these vectors, successful secretion of Escherichia /3-1acta-mase [1] and human a-2 interferon [2] were achieved.
To study the expression of viral membrane proteins with the aid of the secretion vector, the 0378-1097/84/$03.00 © 1984 Federation of European Microbiological Societies gene encoding the membrane glycoprotein of VSV (Rhabdoviridae) was used as a model. VSV is an enveloped RNA virus containing only one species of glycoprotein designated G [6] . The G protein is essential for viral infectivity [7] and antibodies directed against the G protein neutralize the virus [8] . The gene encoding the G protein has been cloned as cDNA. The sequence predicts a protein sequence of 511 amino acids including an NH 2-terminal signal peptide of 16 amino acids [9] . The protein is anchored to the lipid bilayer by a COOH-terminal 20 residue long transmembrane hydrophobic domain leaving a stretch of 29 highly charged amino acids on the internal (cytoplasmic) side of the lipid bilayer. During maturation of the G protein in animal cells, two asparagine-linked glycans [10, 11] and one to two molecules of fatty acid [12] are covalently attached to it. The G protein gene has previously been expressed in E. coli under the control of the regulatory region of the tryptophan operon [13] . The functional gene could be transformed into trpR + (repressed), but not into trp-(derepressed) cells, suggesting that the synthesis of the G protein was lethal to E. coli.
In the present report, a modified VSV G gene from which the 5'-and 3'-terminal sequences were deleted was joined to a secretion vector. Low level of expression of the G protein was observed, but almost all of the protein remained cell-associated.
MATERIALS AND METHODS

Bacterial strains and plasmids
E. coli K-12 strain HB101 (gal-, pro-, leu , hrs-, hrm-, recA, str r, F ) was supplied by Dr. K. Simons (European Molecular Biology Laboratory, Heidelberg, FRG). Plasmid pTG43 (truncated G gene cloned in the HindIII site of pBR322) was constructed by Dr. J.K. Rose (Tumor Virology Laboratory, The Salk Institute, San Diego, CA).
Plasmid pKTH53 (secretion vector) containing the promoter and signal sequence regions of the a-amylase gene from B. amyloliquefaciens cloned in pUB110 [3] [4] [5] has been described previously [14] . Plasmids pKTH139 and pKTH140 were obtained by excising the truncated G gene from plasmid pTG43 with HindIII and ligating the fragments with HindIII linearized pKTH53.
B. subtilis strain IH6140 was derived from B. subtilis Marburg strain by multiple steps of mutagenesis with N-nitrosoguanidine and selection of colonies with low exoprotease activity [10] . Bacteria were grown in L-broth [15] containing 10 /lg/ml kanamycin, 12.5/~g/ml tetracycline and 100 ktg/ml ampicillin.
Plasmid isolation, purification and transformation
E. coli HB101 was transformed [16] and plasmids were isolated and purified [17] using standard conditions. B. subti6s was transformed using the physiological method [18] . Plasmid isolation from B. subtilis has been previously described [3] . Rapid alkaline extractions of E. coli and B. subtilis transformants were according to Birnboim and Doly [19] . VSV G specific clones were screened by colony hybridization [20] . All cloning procedures were done under P2 containment conditions according to the NIH guidelines.
Gel electrophoresis and DNA sequence determination
Agarose gel electrophoresis for separation of DNA fragments was as described previously [3] . 10% SDS-PAGE was used according to Laemmli [21] for separation of proteins. DNA fragments to be sequenced were eluted from LGT-agarose gels and polyacrylamide gradient gels, respectively, and labeled at the 5' end with [y-32p]ATP (> 2000 Ci/mmol; Amersham) after treatment with bacterial alkaline phosphatase. After secondary cleavage with suitable restriction enzymes, the DNA sequences were determined as described and previously [13] by Maxam and Gilbert [22] .
Assay of G protein expression by immunoblotting;
The expression of VSV membrane protein G from plasmid pKTH139 (which contains the a-amylase promoter and signal sequences of plasmid pKTH53 and the truncated VSV G gene) was assayed by analyzing samples from cells of B. subtilis cultures using the immunoblotting (" Western blotting") procedure [23] . Cells grown to the end of the logarithmic phase were collected by centrifugation. Supernatants were TCA-precipitated. The cells were resuspended in 50 mM Tris-HC1 pH 7.5 and lysed with lysozyme. After electrophoresis in a 10% SDS polyacrylamide gel, the proteins were transferred electrophoretically to nitrocellulose filters. The G protein was detected by incubating the filters with anti-VSV serum prepared in rabbit, and iodinated S. aureus protein-A. Radioactively labeled bands were visualized by autoradiography. The estimation of the amounts G protein expressed was based on comparison of the intensity of the immunolabeled G band with that of known amounts of G protein.
Enzyme reactions
Restriction enzymes were obtained from Bethesda Research Laboratories (BRL), New England Biolabs and Boehringer-Mannheim. Digestions were performed in 10 mM Tris-HCl, pH 7.6, 10 mM MgCI2, 1 mM dithiothreitol containing 50 or 100 mM NaC1 depending on the salt requirement of the enzyme. T4 polynucleotide kinase and T4 DNA ligase were from BRL. For cloning in Bacillus, an insert/plasmid ratio of 2:1 and plasmid DNA concentration of 50--75 ~g/ml were used. Ligation reactions were carried out as described previously [14] .
RESULTS
Transfer of the VSV G gene to the Bacillus secretion vector
To facilitate the secretion of the G protein from B. subtilis, it was considered necessary to delete the regions encoding the hydrophobic sequences of the G gene. Therefore, the regions encoding the signal sequence at the 5' end (12 amino acids) and the hydrophobic anchor and cytoplasmic tail at the 3' end (79 amino acids) were deleted [24] and HindlII linkers were ligated to the ends and the truncated gene cloned in pBR322, After transformation into E. coli, the G gene was reisolated and joined to the secretion vector pKTH53 giving the plasmid pKTH139 (Fig. 1) . Based on the design, the signal sequence of the a-amylase gene was This gave the plasmid pKTH139. The plasmid pKTH140, containing the VSV G gene inserted in the wrong orientation relative to the a-amylase promoter was obtained similarly (not shown). Amp R and Km R, locations of the ampicillin and kanamycin resistance genes, respectively; ori, origin of replication; P, promoter; SS, signal sequence of the a-amylase gene.
predicted to be in frame with the G gene. Sequence determination of pKTH139 confirmed this and indicated that the truncated G protein should contain a total of 7 extra C-terminal (5 linker-and 2 pUBll0-encoded) and 11 extra N-terminal amino acids (4 exoamylase-and 7 linker-encoded) (Fig. 2) . As calculated from the nucleotide sequence, the size of the G protein synthesized from pKTH139 should thus be 51 500 (with an uncleaved signal sequence) or 48000 (lacking the signal sequence).
Expression of the G protein in B. subtilis
Expression of the VSV G protein in B. subtilis was studied by immunoblotting using anti-VSV antiserum and iodinated S, aureus protein-A [23] . Samples of the cells and the supernatant taken at the end of the logarithmic growth phase were analyzed separately. Cells transformed with pKTH139 expressed an immunoreactive protein migrating with an M r of about 47 000 (Fig. 3, lane  2) . This value was in good agreement with that calculated from the nucleotide sequence. The M r 47000 band was absent in a sample from cells transformed with a plasmid in which the G gene was in the wrong orientation relative to the promoter (pKTH140) (lane 4). Three G-specific immunoreactive bands with MrS of about 47000, 43 000 and 41000, and some smaller minor products, were seen in the cell-free medium, but not in the control (lane 3 protein was cell-associated. The level of expression of the G protein varied from one experiment to another, but was in general about 100-200 #g/l. The highest level of expression was obtained at the end of the logarithmic growth phase when cells were cultured in a rich medium (2 × L-broth and 2% potato extract). In minimum salt medium no expression of G protein could be detected by immunoblotting experiments.
DISCUSSION
In this report expression of a truncated VSV G protein was achieved in B. subtilis using a "secretion vector". The level of expression of the G protein was, however, about 10 2-10 -3 of the amount of a-amylase, about 10 -2 of fl-lactamase [1] , and 10-1 of human a-2 interferon [2] produced in secreted forms from their respective genes in B. subtilis. Since all these genes were expressed from the same promoter/signal sequence, the difference in the expression levels could be due to differences in the (i) level of transcription determined by factors other than the nucleotide sequence of the promoter, (ii) stability of mRNAs, (iii) rate of translation, and (iv) sensitivity to proteolytic degradation. Preliminary experiments indicate that the G protein is very poorly expressed from pKTH139 and in an E. coli cell-free coupled transcription-translation system [25] or in B. subtilis minicells [26] under conditions where a-amylase, fl-lactamase and interferon are readily expressed (unpublished results). This would suggest that the level of transcription and/or translation of the G protein may indeed be lower than that of the other genes.
Proteolytic degradation both in vitro and in vivo could also explain the differences. The presence of multiple bands in the supernatant (Fig. 3 , lane 3) (and frequently also in the cellular fraction) suggests that proteolytic degradation may be a main reason for the low level of expression. This is also supported by the results obtained with E. coli fl-lactamase [1] and the genes encoding the E1 and E2 membrane proteins of Semliki Forest virus (SFV) (unpublished data). B. subtilis secretes a number of different proteases. Here, pKTH139 was transformed into a strain that had been mutagenized and selected for reduced level of protease activity [10] . If proteolysis indeed was the reason for the low level of expression, this host was probably still able to produce sufficient amounts of proteases to degrade the G protein.
The low level of expression of the G protein in a minimal salts medium and the poor incorporation of radioactive amino acids in the G-specific products have made pulse-chase experiments necessary to test the above assumptions, impossible so far. The G protein, in these experiments was fairly large, severely truncated and unglycosylated, and could be particularly susceptible to proteolytic degradation e.g. because of aberrant folding.
At present the apparent lack of secretion of the G protein is difficult to assess, but the following explanations may be offered. (i) The G protein may have been secreted, but degraded so rapidly that the secreted form cannot be detected with the immunoblotting method. Apparent lack of secretion of the SFV membrane protein El, which is similar in size and overall structure of the G protein, has also been observed [27] . (ii) Measures were taken to modify the gene such that the resulting protein would be soluble. Since this protein is normally able to translocate through the lipid bilayer in the rough endoplasmic reticulum of animal cells, no structural hindrance for secretion would be assumed to exist. It is, however, still possible that the truncated protein was unable to translocate through the lipid bilayer. (iii) Unfortunately, it was not possible based on the apparent mobility of the products to demonstrate whether or not the signal sequence was cleaved. If it were not, the protein would be expected to remain bound to to the cell membrane. (iv) In addition, an internal hydrophobic domain, normally inaccessible to the interaction with lipid bilayers, could be exposed, if the protein takes the wrong conformation. It is known that the VSV G protein, probably due to conformational changes and exposure of an internal hydrophobic domain, will mediate fusion of lipid bilayers when the protein is exposed to low pH [28, 29] .
